The validity of friction factor theory based upon conventional sized passages for microchannel flows is still an active area of research. Several researchers have reported significant deviation from predicted values, while others have reported general agreement. The discrepancies in literature need to be addressed in order to generate a set of design equations to predict the pressure drop occurring in microchannel flow devices.
Introduction
The use of microchannel flow passages is becoming more common in a number of industrial applications. The heat and mass transfer enhancements from the small diameter passages is well documented and often relied upon in a practical system.
Kandlikar and Grande [1, 2] describe the fabrication techniques and possible trends in microchannels. They remark that the fluid flow in microchannels is further reaching than just efficient heat transfer. It could open up completely new fields not possible only a few years ago.
Steinke and Kandlikar [3] identified single-phase heat transfer enhancement techniques for use in microchannels and minichannels. They speculate that this increase in heat transfer performance from these techniques could place a single-phase liquid system in competition with a two-phase system; thus simplifying the over all complexity and reliability. However, they point out that the added pressure drop resulting from the techniques should be carefully evaluated.
Therefore, it is important to evaluate the predictive methods for pressure drop occurring in a microchannel heat exchanger (MCHX). The design of supporting equipment such as the fluid pump and the secondary heat exchanger require an accurate estimate of the pressure drop in the MCHX.
Unfortunately, the validity of the conventional fluid flow theories in microchannel fluid flows is still disputed. There are experimental data sets that support both sides of the argument. There is a great need to reconcile the discrepancies in the experimental data and determine if the conventional theory applies or if there needs to be new fundamental flow theories formulated especially for microchannel flow passages.
Therefore, a database containing available experimental data for single-phase liquid flow in microchannels is generated. The discrepancies and deviations in the data are identified and classified. Specific experiments under carefully controlled condi- tions are conducted to identify the pressure drop components. This is followed by destructive inspection of the microchannels to determine the deviations from prescribed geometry during the microfabrication process. Finally, the conclusions based on the extensive literature review and new experimental data obtained in this study are presented.
Literature review of experimental data
The available literature contains over 150 papers that directly deal with the pressure drop measurements in microchannels. For the present study, the papers containing experimental data are reviewed in depth. There are approximately 40 papers that report the detailed experimental data.
In many papers, the authors report data for several different hydraulic diameters. If a single occurrence of a diameter is considered to be an individual data set, there are approximately 220 data sets altogether in the papers that have been reviewed. The total number of data points is over 5,000. The total number of data sets and data points can be used to normalize the respective quantities.
It is important to know what is included in the database to determine the distribution of the data. The most common range of hydraulic diameters and the most data points both are in the 100-200 µm. Fig. 1 shows the percentage of data sets and the percentage of data points reported for each sub-range of hydraulic diameters. The papers used in the present work are shown in Table 1 . The ranges of the important microchannel fluid flow parameters are reported. Not all of the parameters were reported by the authors. As a result, some of the parameters are calculated by the present authors using the data from the paper. The present work includes both adiabatic and diabatic works with several different channel geometries.
The Reynolds numbers investigated versus the hydraulic diameters reported are plotted in Fig. 2 . The general trend seen [38] 2004 R134a / C 800-1700 in the figure is that as the hydraulic diameter decreases the Reynolds number also decreases. This makes sense because the pressure drop increases sharply as the hydraulic diameter is reduced and lower flow rates are employed. There are data for very low Reynolds numbers, for laminar Reynolds numbers, and for transitional flows. However, there seems to be little to no data for turbulent flows in microchannels.
The channel aspect ratio is reported for each work. There have been several different definitions for channel aspect ratio in literature. For the present work, the channel aspect ratio, α c is defined in Eq. (1) .
It is defined as the channel width, a, divided by the channel height, b. The channel orientation in the microchannel heat exchanger is not critical for fluid flow as the cross-sectional flow area is of primary concern. However, the orientation of the geometry and the applied boundary conditions are crucial for heat transfer. It would be desirable to have several deep, narrow (i.e. α c < 1.0) microchannels than to have a few wide, shallow microchannels. Given an adiabatic top, the deeper microchannels would have a larger heat transfer area versus the shallower ones and thus better performance.
The most common observation of discrepancy noted by researchers is an early departure from the laminar theory that suggests a lower critical Reynolds number. The f Re number is non-dimensionalized using the theoretical value of f Re and is given by:
where f Re exp is the experimentally determined value and f Re theory is the theoretical value determined by the channel geometry. It would be more appropriate to evaluate the C * ratio for each geometry. Fig. 3 shows the C * ratio versus Reynolds number for all of the available data sets. There are several data sets that show good agreement and there are several data sets that show a great deal of discrepancy. This fact leads to the current dilemma of questioning conventional theory in microchannel flows.
There seems to be a common thread between all of the papers that have reported some form of discrepancy between the experimental data and the predicted theoretical values. Those authors that have not discussed the entrance and exit losses or the developing length seem to be the same authors reporting the discrepancies. The authors that have removed the added pressure drop for the entrance and exit and the added friction factor for the developing region also report good agreement with the predicted theory. Table 1 presents information on if the authors have accounting for the losses or the developing region in their test sections. However, it is possible to have an entrance condition and a flow case that would give good agreement with theoretical predictions. Nevertheless, it seems that this is the common occurrence. If the papers that do not account for these effects on friction factor are removed, the database shows reasonably good agreement with predicted theory. Fig. 4 shows the C * ratio for the reduced data set. The reported discrepancies in f are removed from the data when losses and developing flow is considered. This makes sense because both would be components of pressure drop that would serve to add to the overall pressure drop and artificially increase the friction factor. However, there is still some significant deviation from the desired value of C * = 1.0. When error bounds are applied to Fig. 4 , the majority of the data falls between 0.6 < C * < 1.4. An explanation of this behavior could come from experimental uncertainties, which will be described in the uncertainty section.
Three papers have been identified to demonstrate agreement with theory over the range of Reynolds numbers and a variety of shapes. Figs. 5, 6 and 7 have been plotted using the same axis to allow for direct comparison. Fig. 5 shows the data from Papautsky et al. [19] whom investigated water flow in rectangular channels of hydraulic diameters between 44 and 47 µm. The C * ratio is bounded by the [19] . range 1.0 < C * < 1.4, which translates into an uncertainty of +40%. The channel diameter is very small and the Reynolds numbers are very low. The experimental uncertainties will be quite large for low Reynolds numbers. Fig. 6 shows data from Judy et al. [26] whom used water flowing in the laminar Reynolds number range through circular and rectangular tubes with hydraulic diameters between 14 to 149 µm. There is excellent agreement with the C * ratio being bounded by −15% and +10%. The Reynolds numbers and the channel hydraulic diameters are larger here and the uncertainty is improving.
Finally, Fig. 7 shows the data from Bucci et al. [29] who used water flowing in the transitional Reynolds number range through circular tubes with hydraulic diameters ranging between 172 and 520 µm. Here, the C * ratio is bounded by ±10%. The channel diameters here are greater than 500 µm at times with larger Reynolds numbers. There is excellent agreement in the laminar region.
All three figures serve to demonstrate the changes in experimental uncertainties with flow range. Although some of those authors did not directly site uncertainties, the scatter in their data may be attributed to the experimental uncertainties. The uncertainties are decreasing with an increase in Reynolds numbers. In several recent papers, the researchers have been more careful with the additional losses seen in complicated flow structures used in microchannels, and as a result, are reporting better agreement with conventional theory. However, it is important to explain the reasons for the discrepancies that exist in the previous literature.
Friction factor theory
The present work focuses on the flow of single-phase liquids in microchannel passages. The compressibility effects, slip boundary condition, and the rarefied flow concerns do not apply for these single-phase liquid flows in microchannels. For the present work, it will be assumed that the continuum assumption is valid for microchannels larger than 1.0 µm in hydraulic diameter.
The starting point in the theoretical discussion will be the definition of friction factor, f . One complication for determining the friction factor is the two different definitions for f , Darcy and Fanning. For the present work, the Fanning definition of friction factor will be utilized, because it is more convenient when performing diabatic experiments. It takes the same form of the Colburn j factor equation. Therefore, a link between the heat transfer performance and the pressure drop performance is made through the f and j factors. The Fanning friction factor is defined as the ratio of the wall shear stress to the flow kinetic energy per unit volume and is found using Eq. (3).
where f is the Fanning friction factor, τ w is the wall shear stress, ρ is the fluid density, and V is the average velocity. The friction factor in terms of the pressure drop and mass flux is given by:
where p is the pressure drop, D h is the hydraulic diameter, L is the passage length, and G is the mass flux. For laminar flow, the Poiseuille number, Po = f Re, is constant. The f Re is 16 for a circular passage. The Poiseuille number is a function of aspect ratio for a rectangular passage. It can be determined using Eq. (5) from Shah and London [39] . 
where α c is the channel aspect ratio. One constraint for this equation is that the aspect ratio must be less than one. If the channel aspect ratio is greater than 1.0, the inverse is taken to use with Eq. (5). The turbulent regime has several possible correlations to choose from. Blasius for the smooth round tube correlation is shown in Eq. (6) .
This correlation is valid for the range of 2, 100 < Re < 10 5 and for e/D ratios < 1 × 10 −6 . The pioneering work of Nikuradse [40] varied the roughness of pipes using sand adhered to the walls using a lacquer. He determined the dependence of friction factor upon a nondimensional wall roughness as seen in Eq. (7).
for e/D ratios > 1 × 10 −6 , the friction factor can also be determined by using the implicit Colebrook [41] equation shown in Eq. (8) .
This widely accepted correlation is the basis for the turbulent region in the Moody [42] diagram. There are several explicit correlations that demonstrate good agreement with the Colebrook equation. Each have different accuracies and intended ranges. However, the available correlations are derived using rough circular tubes. The above equations are valid for both adiabatic and diabatic flows. There is often a very large temperature gradient occurring in a boundary layer that is quite large, compared to conventional channels, affecting the temperature dependent properties. The property ratio method for viscosity given in Kakaç et al. [43] is given in Eq. (9)
where f cp is the constant property friction factor, f is the property corrected friction factor, μ b is the viscosity of the fluid calculated at the bulk fluid temperature, μ w is the viscosity of the fluid calculated at the wall temperature, and m = −0.58 for laminar heating in a fully developed, circular duct.
Hydrodynamically developing flow
The hydrodynamically developing flow can become quite important in microchannels. Due to the often short lengths, the developing flow could dominate the entire flow length of the microchannel. First, the definition of a non-dimensional flow distance is defined in Eq. (10).
where x + is the non-dimensional flow distance and x is the axial flow direction location. It is commonly accepted that for a value of x + = 0.05, the flow can be considered fully developed. When considering the developing flows, the pressure drop is now related to an apparent friction factor and is seen in Eq. (11), Kakaç et al. [43] .
where f app is the apparent friction factor, μ is the viscosity, and x is the axial location of interest. If the entire length of the microchannel is considered, the x term can be the microchannel length.
The apparent friction factor consists of two components. The first is the friction factor from the theory for the fully developed flow and the second is the pressure defect (a.k.a. Hagenbach factor) as given by Eq. (12) .
where κ is the Hagenbach factor given by:
The Hagenbach factor will begin at a value of 0 and increase to some fully developed constant value K(∞). Hagenbach factor has a dependence upon channel aspect ratio for rectangular channels. Eq. (14), with an accuracy of 0.04%, determines the fully developed Hagenbach factor for a rectangular channel. 
Pressure drop measurements in microchannel flows
There are several issues that need to be addressed when performing pressure drop measurements in microchannel flows. Generally, there are three main components that contribute to the overall pressure drop. The inlet and exit losses need to be quantified for the microchannel. The hydrodynamic developing length needs to be carefully evaluated. Finally, the remaining length will have the fully developed frictional loss.
Based upon the reviewed literature, the most common method to measure the pressure drop involves making pressure measurements inside the inlet and outlet manifolds. The different components of pressure that make up the entire pressure drop are shown in Fig. 8 . The inlet and outlet loss coefficients are represented by κ i and κ o . The friction factor is higher in the developing flow region. Finally, beyond the entry region, the conventional theory for fully developed flow should apply. The components of the total pressure drop can be seen in Eq. (15) .
where κ i is the inlet loss coefficient and κ o is the outlet loss coefficient. The friction factor used in Eq. (11) is the apparent friction factor and accounts for the developing region. Eqs. (12) and (15) can be combined to calculate the total pressure drop. Eq. (16) shows all of the components in the total pressure drop measurement.
The first two terms represent the inlet and exit losses, respectively. The third term is the frictional losses resulting from the fully developed flow. The last term represents the added pressure drop due to the developing flow region. Fortunately, the entrance and exit losses can be eliminated to generate fundamental data. Several researchers have addressed this issue. The unknown entrance and exit losses can be eliminated by using two different flow lengths. Bucci et al. [29] measured the overall pressure drop in stainless steel capillary tubes. They used a short length and a long length of tube with the same entrance conditions. Therefore, the entrance and exit losses are the same for each flow case and can be eliminated.
Tu and Hrnjak [33] fabricated a test section from clear polyvinylchloride (PVC). There were two pressure taps located over the microchannel and away from the inlet and exit manifolds. Baviere et al. [36] fabricated a microchannel with local pressure channels away from the inlet and exit plenums in a silicon substrate. The pressure transducers, fabricated from a thin silicon membrane, were also incorporated into the silicon substrate. Each of these works reported agreement with conventional theory. Kandlikar et al. [44] also made local pressure measurements in an aluminum channel. They reported agreement with conventional theory for the smooth channels.
For a conventional system, the inlet and exit plenums are sufficiently large in area to cause the flow to have a very low velocity and create a smooth inlet. The entrance condition for a microchannel could be considerably more complex. If the plenums are not properly sized, an added component of dynamic pressure could be included in the pressure drop measurements. A verification of the losses in the plenum would be appropriate.
Experimental uncertainties in microchannels
The experimental uncertainties can become quite large for a microchannel heat exchanger. The physical size of the system being measured is a complication. The magnitudes of the measurements can become a problem as well.
Fortunately, several of the standards for experimental uncertainties still apply in the microscale. The two best standards for determining experimental uncertainties are ASME PTC 19.1 [45] and NIST Technical Note 1297 [46] . There are many similarities between these standards and many others. In general, the total uncertainty is comprised of two parts; bias error and precision error as given:
where U is the total uncertainty, B is the bias error, σ is the standard deviation, N is the number of samples. The bias error is a measure of the systematic error and the precision error is a measure of the random errors in the system. When propagating errors, Eq. (18) gives the uncertainty of a calculated parameter based upon the measured variables.
where p is the calculated parameter, a i is a variable used to calculate p, and u ai is the uncertainty of the variable a i . The uncertainty in any parameter is the sum of the uncertainties of the components used to calculate that parameter. As stated previously, it seems that the vast majority of data can be bounded by 0.6 < C * < 1.4. This translates into an uncertainty of ±40%. Although this value might appear rather large, for some of the experimental data sets it would actually be consistent with their associated uncertainties. Eq. (19) shows the propagated error for the f Re product, in terms of fractional uncertainties.
Several authors have discussion experimental uncertainties in their papers. This is similar to the results found by Judy et al. [26] . They demonstrated that with some assumptions about the flow and flow regime, the uncertainty is dominated by 4 × D h , compared to other measurements.
It would be beneficial to determine the experimental uncertainty of f Re based upon actual measured parameters. The expanded uncertainty expression for f Re, based upon measured variables is given by Eq. (20) .
where Q is the volumetric flow rate. The equation presents the uncertainty in f Re in actual measured variables and as such, terms such as the a + b in the denominator are derived from the propagation of the hydraulic diameter measurements. It can be seen that the most dominant terms in the f Re uncertainty are the measurements of microchannel width and height, and the flow rate. Therefore, even with the most careful pressure drop measurements, there is still going to be a large uncertainty due to the measurement errors of the microchannel dimensions and the flow rate. It is entirely plausible that some of the remaining data sets could have experimental uncertainties as high as 40% or higher. In addition, the pressure drop term is actually more complex. The entrance and exit losses will add to the overall uncertainty. 
New experimental data
A microchannel with a width of 200 µm, a depth of 250 µm, and a length of 10 mm is used to provide new experimental data to illustrate the different components of the total pressure drop measurement. The details of the test section and the experimental facility are described in Steinke et al. [47] . The data presented is for adiabatic, single-phase degassed water and covers the range of Reynolds numbers from 14 to 789. There are 26 parallel channels connected to a common header. The inlet plenum and outlet plenums are in a polycarbonate cover plate. The temperature and pressure are measured in the plenums. The plenum areas are sufficiently large to ensure measurement of only the static pressure.
The apparent friction factor is calculated from the measured pressure drop. It is plotted versus Reynolds number in Fig. 9 . It is compared to the conventional friction factor theory for laminar flow. The data points uncorrected for entrance and exit losses are shown as squares. The experimental uncertainty is calculated and the error bars are included.
There is deviation from the laminar flow theory as observed in the data in the low Reynolds number range. However, the experimental uncertainties are quite large for this flow regime. As the Reynolds number increases, the data begins to show good agreement with the theory. Finally, the data begins to depart from the predicted f Re approximately at a Reynolds number of 300. This would suggest early transition to turbulent if a regular friction factor versus Reynolds number plot exhibited this behavior. This is not an accurate representation of the measured pressure drop.
The entrance and exit losses are calculated and subtracted according to Eq. (20) . These losses are found using the conventional constriction and expansion area theory. The area ratio changes are used to determine the loss coefficients. The corrected data shows little difference to the uncorrected data in the low Reynolds number region and a more significant change in the higher Reynolds number region. However, this component alone does not correct enough to demonstrate good agreement with the theory.
The entrance lengths at the higher Reynolds numbers become quite significant. For example, the last data point shown in Fig. 10 has an x + of 0.048 at the exit. This means that the entrance length is 9.8 mm and the flow in the microchannel is not quite fully developed at the exit and the entire flow length is developing flow. This must be taken into account when comparing to the theoretical value. Therefore, the apparent friction factor, f app , must be utilized to compare with theory.
The C * ratio versus Reynolds number is shown in Fig. 10 . The C * ratio would be more appropriate to report for a microchannel geometry of this nature. It will also avoid confusion between the regular friction factor and the apparent friction factor. For comparison purposes, the C * ratio for the uncorrected data and the C * app ratio for the data corrected to account for the developing flow portion are presented together.
The uncorrected data begins to rise in value after a Reynolds number of 300. However, the data that is calculating C * based upon the apparent friction factor continues to show good agreement, within approximately 25% error. Although the data does not match perfectly, there is good general agreement and the trend is properly predicted.
Channel geometry evaluation
The channel dimensions have a major effect on the friction factor calculations as seen from Eq. (20) . The measurements for the microchannels tested were first made using non-destructive measurement techniques. The dimensions resulting from the optical measurement technique yield a microchannel width of 201 ± 5 µm and a microchannel depth of 247 ± 5 µm. At the completion of the testing, the microchannel test section was cleaved in order to facilitate accurate cross sectional measurements. Upon destruction, the profile of the supposed rectangular microchannels is actually found to be trapezoidal in shape. Fig. 11 shows an SEM image of the microchannel geometry tested. It can be seen that there is significant undercutting of the fin area in these microchannels. The width at the top is 194 ± 1 µm. The depth is 244 ± 1 µm with a sidewall angel of 85 degrees. This profile could not be obtained from non-destructive measurement techniques. Over twelve measurements of the height and width are made along the flow length of the microchannel. The mean of those measurements are used to determine the hydraulic diameter.
The microchannel cross section is not a true trapezoid. However, careful measurements are made to determine the cross sectional area and the proper hydraulic diameter is calculated. The equivalent trapezoid has an angle of 85 degrees. The corresponding f Re number is 14.5 for trapezoidal ducts with that side wall angle and aspect ratio.
The friction factor is now using the corrected geometry for the new trapezoidal cross section. The apparent C * is shown in Fig. 12 . It can be seen that the data now shows improved agreement with theory when the inlet and exit losses and devel- oping flows are accounted for. Using the non-destructive measurement method, the remaining error in the higher Reynolds number range is 33%. After the cross section has been measured using a cut of the test section, the resulting hydraulic diameter is 227 µm and the error is reduced to 24%. In addition to identifying the channel as a trapezoid, the area reduction resulting from the rounded corners was accounted for while calculating the equivalent hydraulic diameter.
The remaining discrepancies can be attributed to using f Re app values for a true trapezoidal duct, as no data is available for the trapezoidal geometry with rounded corners. Also, the first order K factors used for inlet and exit losses based upon conventional empirical data can be attributed to the remaining discrepancies.
Surface roughness measurements
Finally, the surface roughness of the microchannel walls is another important parameter. In conventional sized channels, the surface roughness has been identified to play a dominate role only in the turbulent region. The data reduced from previous literature suggest the same trend for microchannels. However, this is still an open topic of discussion. It would be important for researchers to report the surface roughness in their work in order to build confidence in that statement. Fig. 13 shows the nature of the surface roughness in the present microchannel test sections. The pictures of the side wall and bottom wall surfaces showing surface roughness features are obtained using scanning electron microscope (SEM) and are shown in the figure. The majority of the surface has a very small e/D h ratio, approximately 0.002. The bottom wall does have some roughness features seen in the bottom inset. The average size of those features is 1.5 µm, making the e/D h ratio approximately 0.007. The side wall has larger roughness features due to the method of fabrication. These features are an artifact of the deep reactive ion etching processes used. The average roughness feature for the side wall is 2.5 µm and the resulting e/D h ratio is 0.01. The measurement of the surface roughness for future microchannel works should be carefully evaluated.
Conclusions
There are over 150 papers specifically addressing the topic of fluid flow and heat transfer in microchannels. Approximately 40 of those papers present useful data on friction factors in microchannels. A database of over 5,000 data points has been generated. The present work includes a Reynolds number range of 0.002 < Re < 5,000 and a hydraulic diameter range of 8 < D h < 990 µm.
An explanation for the deviation in data has been presented for the first time. The papers that do not account for the entrance and exit losses or the developing flow in the microchannel are the same papers that report significant deviation from theory. The remaining data sets show agreement with conventional theory. Therefore, the conventional friction factor theory is applicable for the range of Reynolds numbers and hydraulic diameters included.
Experimental uncertainties can become quite large for microchannel heat exchangers. It is demonstrated that the uncertainty in f Re is dominated by the microchannel width and height measurements. Even a very accurate pressure drop measurement will often be overshadowed by the geometry measurement uncertainties.
The components that contribute to the total pressure drop occurring across a microchannel heat exchanger are identified. The components include the inlet and outlet losses, the developing flow losses, and the fully developed flow losses.
New experimental data is generated to demonstrate the procedure for correcting the measured pressure drop. First, the data is corrected for inlet and exit losses and then it is corrected for developing flows. The corrected data shows good preliminary agreement in value and trend with the conventional theory for laminar fluid flow.
The microchannel geometry must be carefully evaluated. There is no substitute to accurate measurements obtained through destructive measurement of the channel geometry. The profiles of the flow passage must be carefully determined while reducing the experimental data for obtaining the experimental friction factors.
